Subjects
The subjects are rural Bolivian Aymara adults (5 males and 5 females), na tives of a small rural agro-pastoral community in the Andean high altitudes (4,000-4,100m) from an area described elsewhere in detail (16, 17) . They were a group of subjects of our longitudinal comparative study, and all had previously participated in the food consumption survey. This study was in its fourth year, and acceptance of our research team by the local people was established as a result of extensive interaction with the research team. Oral consent was obtained after the procedures of the study were explained, with a note that it would not interfere with their daily activities. All procedures of this study were reviewed and approved by the Ethical Committee of the Faculty of Medicine, the University of Tokyo. electrodes and a microcomputer that store the pulses in a memory at 1min intervals up to a maximum recording time of 34h. Early in the morning or late in the evening before bedtime, a lightweight HR recording instrument (about 180g) was attached on a belt around the waist of the subject, then connected to three electrodes placed on the subject's chest. EE-HR calibration lines to estimate TEEhr. The principle of the estimation of TEEhr is that a relationship exists between HR and oxygen consumption that is unique to each individual. Under close examination of the relation between HR and oxygen consumption from the lower part to the higher range, the relation appears to consist of two lines (Fig. 1) . Thus the development of calibration regression of EE on HR in the literature resulted in the use of 1) one straight linear line, 2) two separate straight lines (known as the flex-HR method), or 3) log-linear line/curvilinear line (1-3, 5-7, 9).
Besides the difference in the use of calibration lines, two approaches have been applied for estimating TEEhr from the HR records. One approach exclusively depends on the recorded HR using an individual calibration line. Another is a summation of the EE estimated from recorded HR during about 16 h and of the EE during sleeping time. This approach generally uses the measured or predicted postabsorptive RMR, assuming it to be equal to the EE during sleep, and the estimation of EE from the HR records is made by using two-regression lines known as the flex-HR method (7, 8, 10, 23 (25) .
RESULTS
The physical characteristics of the subjects are shown in Table 1 . All subjects were apparently in good health. Two female subjects were lactating (Fl with a 2-month-old infant and F2 with an 8-month-old infant). The measured postabsorptive RMR, on average, was 6.3% lower (p<0.05, paired t-test) than the BMR estimated from body weight by using the equations of the FAO/WHO/UNU Table  2 . Table 2 .
Summary of heart rate (HR) data on the days of sampling.
* Except for F3 and M4 (l-d data), the data are the mean of two sampling days. Table 3 . Energy expenditure (TEE) estimated by the DLW method in comparison with those by heart rate methods using different calibration procedures.
TEEhr-A: estimated by using the straight linear regression applying to the 24h HR data. TEEhr-B: estimated by using the 1nEE-HR regression applying to the 24h HR data. TEEhr-C: estimated by using the two linear regressions applying to the 24h HR data. TEEhr-C': estimated by using the two linear regressions applying to the HR during the time awake, and the EE during the remainder of time, i.e., in sleep, was assumed as being equal to the measured BMR. of the limits of agreement was obtained by use of log-linear calibration regres sion. The estimates by using the straight linear regression showed much greater discrepancies. The precision of the estimates with the two-regression procedure ranged from those with the linear regression to those with the log-linear regression. The use of the measured BMR data for the time in sleep (TEEhr-C') demonstrated a prediction performance similar to that of TEEhr-C.
DISCUSSION
In the present study, none of the group mean values of TEE estimated by the HR method using 3 types of calibration procedure (all subjects, males or females) was significantly different statistically from the corresponding mean value of TEEdlw. It should be noted that the variances of the TEE by HR methods were much greater, e.g., two to threefold range of SD, than that of TEEdlw. This and the small sample size that was due to the high cost of DLW both reduced the power to detect the statistical difference in the group means. However, comparisons between TEE estimates by the HR method and DLW suggest several important ci Vitaminol Table 4 . Summary of the validation studies of TEE estimates of free-living subjects from the HR method assessed by the DLW method. estimated from DLW and HR are partly due to inherent errors in the measurements for establishing a calibration data set of individual subjects and variability of calibration regression that may change from one day to the next (27) and more so under field conditions (9) . A similar problem has been reported on flex-HR (28); it is not necessarily stable for individuals over time. For computing flex-HR, different approaches have been preferred and may have contributed to differences in the range of deviation from one study to another. Some studies have derived flex-HR from a single maximum rest HR value achieved during lying, sitting, or standing (7, 8, 29) ; others, as in the present study, calculated the mean of the highest HR for the standing activity and the lowest HR of the exercise activities (10), or the mean of HR values recorded during lying, sitting, and standing (30) . Others pre ferred to use the term critical heart rate (HRcrit), defined by the mean of the sitting HR under fasting conditions and the least intense exercise HR (11, 31) . Different approaches are also found in computing EE for sleeping time or when recorded HRs are below flex-HR by using the lower part of regression line, BMR during sleep, or the mean of the measured RMRs during lying, sitting, and standing. Even though various types of elaborated EE-HR calibration procedures have been proposed, large deviations of individually obtained TEE are commonly observed in the previous and present validation studies. The problem is not likely to be overcome simply through elaborating calibration procedures, i.e., 1nEE-HR regression, the so-called flex-HR method, or other complicated calibration procedures. In consideration of these and the prediction performance demonstrated in the present study, simplicity is a good reason to emphasize that 1nEE-HR regression appeared to have an advantage over other calibration procedures. Large deviations could also be attributable to the sampling times of HR recording. While the DLW method is based on more representative medium-term observations (i.e., 1 to 2 weeks), the HR method uses 1 or 2 d during 2 weeks of DLW observation. This procedure is very likely to cause an inappropriate sampling day of HR recording that may not represent the TEE of habitual physical activity as estimated by DLW. When a day-to-day variation occurs in physical activity patterns, a sampling of the inactive day or the very active day will occur during 2 weeks. Two days of HR data, as in the present and other studies, may be insufficient to accurately estimate the mean daily expenditure. Then it seems reasonable to increase the number of measurement days for each subject, and in this way improved accuracy may be obtained. But it would need to be weighed against the subject's reasonable cooperation of wearing HR recording equipment for more than a couple of days, i.e., 10 to 14d during the period of the DLW study, and this would obviously impose restrictions on the everyday life of the subject wearing the equipment, even though its weight is less than a few hundred grams. After the reported validation results and the present ones have been seen, it must be admitted that the HR method can provide only a group mean TEE and a rough estimate for an individual TEE of habitual activity.
In conclusion, we find that the specific limitations and advantages of each Vo145 , No 1, 1999 method (DLW and HR methods) should be stressed. Although the DLW method is currently the most accurate and precise method for measuring TEE in free living subjects, it does not provide information about physical activity patterns throughout the day. The high cost of 180 and the need for specialized analytical equipment limit its use in studies on large sample sizes. These are two important limitations to the DLW method. Although there is an obvious limitation of HR recording in estimating TEE as reported in the previous and present studies , the HR record reflects the pattern of physical activities throughout the observed day . Its low cost and ease of use are the advantages for analyzing the duration and intensity of physical activity. Some studies emphasize the ability of the HR re cords to provide information on within and between-day variability in physical activity (12, 32) . Others have shown its ability as a valuable tool for analyzing the levels of physical fitness, emphasizing that HR measures the individual's response to the activity and not the activity per se (28) . Therefore the DLW and HR methods are not the competitive ones for measuring energy expenditure , but they are com plementary (31) . It must be emphasized again that the DLW method provides the average TEE for 10-12d, covering a longer period of time than usual HR records can cover. Besides estimating TEE, several advantageous aspects of HR monitor ing should be examined, and its potential utility should be evaluated in future studies.
